While shale gas development can result in rapid local economic development, negative externalities associated with the process may adversely affect the prices of nearby homes. We utilize a triple-difference estimator and exploit the public water service area boundary in Washington County, Pennsylvania to identify the housing capitalization of groundwater risk, differentiating it from other externalities, lease payments to homeowners, and local economic development. We find that proximity to wells increases housing values, though risks to groundwater fully offset those gains. By itself, groundwater risk reduces property values by up to 24 percent. 
Introduction
A recent increase in the extraction of natural gas and oil using unconventional methods has transformed communities and landscapes. This paper focuses on shale gas extraction in Pennsylvania, which has grown rapidly in recent years thanks to developments in hydraulic fracturing and horizontal drilling. Natural gas provides an attractive source of energy. When burned, it emits fewer pollutants (e.g., carbon dioxide, sulfur dioxide, nitrogen oxides, carbon monoxide and particulate matter) than other fossil-fuel energy sources per unit of heat produced, and it comes from reliable domestic sources. The extraction of natural gas from shale, that had hitherto been economically unrecoverable, has resulted in greatly expanded supply and in many landowners receiving high resource rents for the hydrocarbons beneath their land. There are, however, many potential risks that accompany the drilling and hydraulic fracturing process. The processes required to develop and produce natural gas from shale rock use a great deal of water and require the injection of chemicals deep into the ground at high pressure. Compared with conventional natural gas development, this may result in greater risk to air, water, and health. Important for housing markets and local tax revenues, the environmental impact of shale gas development and the perception of the risks associated with these processes, as well as increased truck traffic or the visual burden of a well pad, could depress property values.
1
The risks associated with leasing one's land to gas exploration and production companies are especially important for homes that depend on groundwater as a source of drinking water. One of the most often discussed risks associated with shale gas development is the potential for groundwater contamination. Faulty well casings or cement could provide a pathway for contaminants to reach a drinking water aquifer [SEAB, 2011 , Osborn et al., 2011 . Another arises if hydraulic fracturing occurs too close to a drinking water aquifer [EPA, 2011] or if there are naturally occurring hydraulic pathways between the formation and the drinking water aquifer [Warner et al., 2012 , Myers, 2012 . Even if shale gas operations do not contaminate groundwater in the short run, the possibility of future groundwater contamination may be capitalized negatively into the property value, resulting in important long-term consequences for the homeowner.
However, there is also evidence that natural gas development creates jobs and generates income for local residents [Weber, 2011 , Marchand, 2011 . Upon signing their mineral rights to a gas company, landowners may receive two dollars to thousands of dollars per acre as an upfront "bonus" payment, and then a 12.5 percent to 21 percent royalty per unit of gas extracted.
2
Although it is likely that property values will be affected by shale gas well proximity (both positively and negatively), there has been little research into how the presence of a natural gas well affects property values overall.
3 In this paper,
we use a triple-difference, or difference-in-difference-in-differences (DDD) estimator, applied to properties that border the public water service area (PWSA), to measure the effect of groundwater water contamination concerns from shale gas development. Understanding both the positive and negative impacts of shale gas exploration can help the government make decisions (such as implementing increased regulation to ensure groundwater integrity or extending the reach of the PWSA) that could protect homeowners from the negative effects of shale gas development while allowing for the benefits associated with increased local economic growth, lease payments, and a cleaner source of fossil-fuel energy. State regulators are currently debating such rules and regulations. In this paper we estimate the differential effect of shale gas development on properties that depend on groundwater and those that have access to piped water, giving us valuable insights into the capitalization of groundwater contamination risk.
4
The key to estimating the concern for groundwater contamination is controlling for correlated unobservables that may bias estimates (e.g., unattractive attributes of properties and neighborhoods that may be correlated with exposure to drilling activity, and beneficial factors like lease payments and increased economic development). Even in the best data sets, these factors may be hard to measure, and can lead to omitted variables bias.
We take several steps to overcome this bias. The intuition proceeds as follows. First, we use property fixed effects, comparing changes in the price of a particular property over time, controlling non-parametrically for anything about that property that remains the same. Next, we see how those price changes differ depending upon whether the property is located in a treatment or control area, defined according to well proximity. Finally, we observe how the differences in the change in price across proximity-based treatment and control groups differ depending upon water source (i.e., groundwater versus piped water). In addition to controlling for any time-invariant unobserved heterogeneity at the level of the property, our approach will also control for two sources of potential time-varying unobservable heterogeneity-(i) anything common to our proximity-based treatment and control groups (e.g., lease payments); and (ii) anything within one of those groups that is common to both groundwater and PWSA households (e.g., increased local economic activity). Furthermore, we also geographically restrict some of the specifications in our analysis to the smallest available neighborhood that will allow us to observe differences in water source: a 1000 meter buffer drawn on both sides of the PWSA boundary. This reduces the burden on our differencing strategy to control for time varying unobservables, as homes located within a few blocks of each other presumably are affected similarly by these time varying unobservables. Using this identification strategy along with data on property sales in Washington County, Pennsylvania, from 2004 to 2009, we find that properties are positively affected by the drilling of a shale gas well unless the property depends on groundwater.
2 Application of the Hedonic Model for Non-
Market Valuation
In the hedonic model (formalized by Rosen [1974] ), the price of a differentiated product is a function of its attributes. In a market that offers a choice from amongst a continuous array of attributes, the marginal rate of substitution between the attribute level and the numeraire good (i.e., the willingness to pay for that attribute) is equal to the attribute's implicit (hedonic) price. The slope of the hedonic price function with respect to the attribute at the level of the attribute chosen by the individual is therefore equal to the individual's marginal willingness-to-pay for the attribute; thus, the hedonic price function is the envelope of the bid functions of all individuals in the market. This implies that we can estimate the average willingness-to-pay for an attribute (i.e., exposure to groundwater risk from hydraulic fracturing) by looking at how the price of the product (i.e., housing) varies with that attribute.
A vast body of research has examined the housing price effects of locally undesirable land uses, such as hog operations [Palmquist et al., 1997] , underground storage tanks [Guignet, 2012] , and power plants [Davis, 2011] to name a few. These estimates are then used to measure the disamenity value of the land use (or willingness-to-pay to avoid it). This paper similarly uses hedonic methods to model the effect of proximity to a shale gas well on property values.
5 In particular, we use variation in the market price of housing with respect to changes in the proximity of shale gas operations to measure the implicit value of a shale well to nearby home owners, depending upon water source. As such, it should be able to pick-up the direct effect of environmental risks -in particular, risk of water contamination and consequences of spills and other accidents -while differentiating those risks from other negative externalities (e.g., noise, lights, and increased truck traffic) and the beneficial effects of increased economic activity and lease payments. The latter is analogous to the effect of a wind turbine [Heintzelman and Tuttle, 2012] , where the undesirable land use is also accompanied by a payment to the property on which it is located. In this paper, we focus on the hedonic impact of groundwater contamination risk on property values, as it is generally considered to be one of the most significant risks from shale gas development.
6
The academic literature describing the costs of proximity to oil and gas drilling operations is small. See, for example, Boxall et al. [2005] , which examines the property value impacts of exposure to sour gas wells and flaring oil batteries in Central Alberta, Canada. The authors find significant evidence of substantial (i.e., 3-4 percent) reductions in property values associated with proximity to a well. Klaiber and Gopalakrishnan [2012] also examine the effect of shale gas wells in Washington County, using data from 2008 to 2010. They examine the temporal dimension of capitalization due to exposure to wells, focusing on sales during a 5 Assuming that the housing supply is fixed in the short-run, any addition of a shale gas well is assumed to be completely capitalized into price and not in the quantity of housing supplied. Given that the advent of shale gas drilling is relatively recent, we would expect to still be in the "short-run". As more time passes, researchers will be able to study whether shale gas development has had a discernable impact on new development.
6 Krupnick et al, "What the Experts Say About Shale Gas: There's More Consensus Than You Think," RFF Discussion Paper, Forthcoming.
short window (e.g., 6 months) after well permitting and using school district fixed effects to control for unobserved heterogeneity. Like Boxall et al. [2005] , Klaiber and Gopalakrishnan [2012] also find that wells have a small negative impact on property values. We find evidence of much larger effects on property valuesa difference we ascribe to the rich set of controls for unobservables (both timeinvariant and time-varying) used in our DDD identification strategy described above.
Because the hedonic price function is the envelope of individual bid functions, it will depend upon the distributions of characteristics of both home buyers and the housing stock. This means that if few of the neighborhoods in our sample are affected by increased traffic and noise, then there will be a lower premium placed on quiet neighborhood location. However, if shale development is widespread and results in most neighborhoods being affected by heavy truck traffic, then the houses located in the relatively few quiet neighborhoods would receive a high premium. In the case of a widespread change in the distribution of a particular attribute in the housing stock, it is possible that the entire hedonic price function might change, so that even the price of properties far from shale wells will be affected. Furthermore, the hedonic price function is dependent on the distribution of tastes. If the mix of homebuyer attributes changes dramatically over time, that could also lead to a shift in the hedonic price function. Bartik [1988] shows that, if there is a discrete, non-marginal, change that affects a large area, the hedonic price function may shift, which can hinder one's ability to interpret hedonic estimates as measures of willingness to pay. Rather, the estimates may simply describe capitalization effects [Kuminoff and Pope, 2012] . This would be a conservative interpretation of our results. Whereas a willingness to pay interpretation is useful for the cost-benefit analysis of alternative regulations and standards that might be imposed on drillers, a focus on the capitalization effect is relevant for policy if we are interested in whether shale gas wells increase the risk of mortgage default. It is also important for local fiscal policy, as drilling may have important implications for property tax revenues.
3 Background on Risks Associated with Shale
Gas Development
Shale gas extraction has become viable because of advances in hydraulic fracturing and horizontal drilling. Hydraulic fracturing is a process in which large quantities of fracturing fluids (water, combined with chemical additives including friction reducers, surfactants, gelling agents, scale inhibitors, anti-bacterial agents, and clay stabilizers and proppants) are injected at high pressure so as to fracture and prop open the shale rock, allowing for the flow of natural gas contained therein. The multiple risks associated with fracking (including the contamination of groundwater) may have an impact on property values and are, hence, relevant for mortgage lenders.
7 Knowing the perceived costs associated with these risks can also be of use to regulators considering different standards for drilling operations. First, development can cause contamination of local water supply resulting from improper storage, treatment, and disposal of wastewater. Hydraulic fracturing also generates "flowback fluid" and produced water, the hydraulic fracturing fluids and formation water that return to the surface, often containing salts, metals, radionuclides, oil, grease, and VOC's. These fluids might be recycled for repeated use at considerable cost, treated at public or private waste water treatment facilities, or injected in deep underground injection wells. Mismanagement of flowback fluid can result in contamination of nearby ground and surface water supplies. Second, air pollution is a concern -escaped gases can include NOx and VOC's (which combine to produce ozone), other hazardous air pollutants (HAP's), methane and other greenhouse gases. Third, spills and other accidents can occur -unexpected pockets of high pressure gas can lead to blowouts that are accompanied by large releases of gas or polluted water, and improper wellcasings can allow contaminants to leak into nearby groundwater sources. Fourth, there may also be a risk of contamination from drill cuttings and mud. These substances are used to lubricate drill bits and to carry cuttings to the surface and often contain diesel, mineral oils or other synthetic alternatives, heavy metals (e.g., barium) and acids. These materials can leach into nearby groundwater sources. Other negative externalities include noise, increased traffic, deterioration of roads due to heavy truck traffic, minor earthquakes, and clearing of land to drill wells, which can also affect property values by reducing the aesthetic appeal of the region in general.
Method
Implementation of the hedonic method is complicated by the presence of property and neighborhood attributes that are unobserved by the researcher but correlated with the attribute of interest. The specifications we use in order to demonstrate and address this problem include a simple cross-section, a property fixed effects regression, and a triple-difference (DDD) estimator that uses detailed geographical information about well proximity and the placement of the piped water network to define several overlapping treatment and control groups. We briefly review the econometric theory behind each of these approaches below.
Cross-Sectional Estimates
The most naïve specification ignores any panel variation in the data and simply estimates the effect of exposure to a shale gas well by comparing the prices of properties in the vicinity of a well to those properties not exposed to a well. Considering the set of all houses in the study area, we run the following regression specification:
where P i natural log of transaction price of property i W ELLDIST i distance to nearest shale gas well at the time of transaction X i vector of attributes of property i Y EAR i vector of dummy variables indicating year property i is sold
In this specification, the effect of exposure to a well is measured by 1 . The problem here is that W ELLDIST i is likely to be correlated with " i (i.e., properties and neighborhoods that are near wells are likely to be different from those that are not near wells in unobservable ways that may also affect property values). For example, houses located in close proximity to wells may be of lower or better quality than those located elsewhere in the county. One way to check for this possibility is by comparing observable attributes of properties and neighborhoods, both located near and far from shale gas wells. Significant differences in observable attributes suggests a potential for differences in unobservables, which could lead to bias in the estimation of Equation (1) (see Table 5 in the Appendix). Therefore, it is important to control for these unobserved location attributes that lead to the location decisions by gas exploration and production companies. Utilizing pooled ordinary least squares (OLS) can also be problematic since the error terms associated with homes sold multiple times will likely be correlated, given that unobserved attributes of the home may not change much over time. This creates correlation between the error terms, which violates the assumption of i.i.d. error terms necessary for consistent estimation of the parameters. Using property fixed effects allows us to control for these correlated unobservables by specifically accounting for the correlation within homes sold more than once.
Property Fixed Effects
Properties that are near shale wells might differ systematically in unobservable ways from those that are not near wells. If properties farther from wells are associated with more desirable unobserved characteristics, then this would create an elevated baseline to which the properties near wells would be compared, inflating the estimated negative effect of proximity to a well. Utilizing property-level fixed effects allows us to difference away the unobservable attributes associated with a particular property, or with the property's location.
In our second specification, we exploit the variation in panel data to control for time-invariant property attributes with property-level fixed effects. Suppose P it measures the natural log of the price of property i, which transacts in year t. X i is a vector of attributes of the property 8 , and W ELLDIST it is the distance of property i to the nearest well at the time of the transaction. µ i is a time-invariant attribute associated with the property that may or may not be observable by the researcher, and ⌫ it is a time-varying unobservable attribute associated with the property. Importantly, µ i may be correlated with W ELLDIST it in the following equation:
We employ a fixed effects technique in order to remove µ i from Equation 2:
whereP it , g W ELLDIST it ,X i , and⌫ it are mean differenced variables. Estimating this specification controls for any permanent unobservable differences between properties that have the shale well treatment and those that do not.
Difference-in-Difference-in-Differences (DDD)
While property-level fixed effects account for time-invariant unobserved property and location attributes, they are not able to control for time-varying sources of unobservable heterogeneity. This is a concern, as shale gas production could be associated with a boom to the local economy and with valuable payments for mineral rights at the property level, both of which can be hard to quantify, yet may be correlated with well proximity. As Table 1 demonstrates, average distance to the nearest well decreases over time as more wells are drilled. In fact, the average distance to a well decreased by almost 50 percent over the time period. If the economic boom associated with increased in-migration and employment due to drilling activity increases property values over time, then this increased capitalization will appear to be caused by closer proximity to shale gas wells. If we do not take this underlying trend into account, then we will underestimate the negative impact of the well. Failure to account for payments for mineral rights can have a similar effect. This warrants going beyond a simple fixed effects specification and conducting a quasi-experimental procedure that removes the underlying time trends and better estimates the impact of proximity to shale gas wells on property values. We employ a linear DDD technique, which is described in more detail below. There, we define a pair of overlapping treatment and control groups of properties by exploiting a property's proximity to wells and whether or not it is part of the public water service area (PWSA). Notes: Counts are of wellpads (there may be multiple wellbores on each wellpad).
Treatment Group Well Proximity
In order to identify the properties "treated" by exposure to groundwater contamination risk, we first exploit the fact that the effects of a well are localized, in that many of the disamenities associated with development (such as noise and truck traffic along with groundwater contamination) will not affect properties farther from a well. At some distance far enough away from the well site, drilling may not influence property values at all. This appears to be the case based on work by Boxall et al. [2005] on sour gas wells in Alberta, Canada. In order to identify the correct treatment distance from a well, we conduct an econometric test to see at which point the well no longer impacts property values. The test we employ follows the strategy of Linden and Rockoff [2008] . This method compares properties sold after a well has been drilled (within certain distances) to properties sold prior to a well being drilled (within the same distance), and identifies at which distance wells stop impacting property values. We then define our first treatment group as properties having a well within this distance. In order to conduct the Linden and Rockoff [2008] test, we create a subsample of properties that have, at some point in time (either before the property is sold or after), only one well pad located within 5000 meters. We begin by estimating two price gradients based on distance to a well: one for property sales that occurred prior to a well being drilled and one for property sales after drilling began. The distance at which the difference in these two price gradients becomes insignificant is the distance at which we can define the first treatment group. Figure 1 shows these price gradients estimated by local polynomial regressions. For properties that are located more than 2000 meters from a well, the gradients are similar both before and after the well is drilled. However properties located closer than 2000 meters to a well are sold for more on average after the well is drilled than before the well is drilled, which would correspond to properties receiving, or expecting to receive, lease payments.
9 The solid line in the graph demonstrates that properties sold prior to a well being drilled within 2000 meters receive lower sale prices the closer they are to a well, implying that wells are being located in areas with negative unobservable attributes. 10 Thus, we use a distance of 2000 meters from a well to measure the treatment, where any property located farther than 2000 meters is assumed to not be affected by well drilling. Importantly, we expect the effects of a boom to the local economy to be similar across that 2000 meter threshold. This defines our first treatment-control group: treated homes are those located within 2000 meters distance of a shale gas well, and the control homes are those located outside this 2000 meters band. This allows us to control for the unobserved time varying factors that are correlated with shale gas development by looking at homes sold inside and outside of a 2000 meter boundary of shale gas wells, as both these groups will likely be affected in similar ways by a regional economic boom. Finally, given evidence that wells are located in less desirable areas, we control for these unobserved area attributes with property fixed effects.
Private Water Wells vs. Piped Water
Much of the concern surrounding shale gas development arises from the risk of groundwater contamination. Properties that utilize water wells may be affected if the surface casing of a gas well cracks and methane or other contaminants migrate into the groundwater [SEAB, 2011 , Osborn et al., 2011 or if fractures connecting the shale formation reach the aquifer [Warner et al., 2012 , Myers, 2012 . Properties that receive drinking water from water service utilities, on the other hand, do not face this risk. 11 We hypothesize that this risk may be capitalized into the value of the property; in particular, households using water wells may be more adversely affected by proximity to shale gas wells relative to households relying on piped water, and therefore would face a lower transaction value when "treated" by proximity to a well. In order to capture this difference across properties, we define an additional treatment group by designating properties depending upon whether they rely on groundwater or piped water. Specifically, we use GIS data on the location of the PWSA and map the properties into their respective groups.
This allows us to interact distance with a groundwater indicator in our estimation in order to find the different impact of proximity to wells for groundwater versus piped water homes. Any differences between groundwater and piped water dependent properties that were present before the well is put in place are accounted for at a very detailed level by property fixed effects. While properties within 2000 meters of a shale gas well are equally likely to receive benefits from lease payments regardless of water source, those properties dependent upon groundwater are more likely to capitalize the negative consequences of increased contamination risk. This defines our second treatment-control group: by looking at the difference across groundwater dependence (and within 2000 meters of a shale gas well), we are essentially controlling for the unobserved lease payments that are common to both these groups, while allowing the first treatment effect (proximity to shale gas wells) to vary by drinking water source.
As a preliminary examination of whether and how groundwater and PWSA homes differ in their impact from shale gas well proximity, we conduct a generalized propensity score (GPS) model, as detailed in Hirano and Imbens [2004] . GPS allows the treatment of proximity to vary continuously, while regular matching models assume a binary treatment. For this test, we thus define the treatment as the distance to the nearest well, and estimate the impact on property values as this distance is varied. We include as controls property characteristics and census tract attributes.
12 Figure 2 demonstrates the impact of proximity to shale gas wells for the entire sample (including cities), and it appears that the treatment effect of proximity varies substantially with water service. For properties in a PWSA, being close to a shale gas well actually increases property values. This implies that the local economic development and lease payments associated with shale development can boost the housing market substantially, but only if the property is protected in some way from the environmental impacts. However, for properties without piped water, being closer to a shale gas well decreases property values. Thus, we find strong evidence of a contrasting impact across different water service areas. Figure 2 also shows that the impact of proximity to shale wells tapers off after approximately 6km, providing evidence that the impact of shale development are localized. 14 We delete sales prior to major improvements because Dataquick data only report property characteristics at the time of the last recorded sale. If the property was altered between the last sale and earlier sales, we would have no record of how it had changed. Nonetheless this only removes 4 observations. comparing the full sample and final sample show that they are similar in all respects except the transaction price (Table 2) -that difference being attributable to dropping observations with a zero price. In order to control for neighborhood amenities, we match each property's location with census tract information, including demographics and other characteristics. The census tract data come from the American Community Survey, which provides a tract-level moving average of observations recorded between the years 2005 and 2009.
We also match geocoded property transactions data to our second main data source -the location of wells in Washington County. We obtained data describing the permitted wells located on the Marcellus shale from the Pennsylvania Department of Environmental Protection. To determine whether the permit has been drilled, we rely on two different datasets. A well is classified as drilled if there was a "spud" date (i.e., date that drilling commenced) listed in the Pennsylvania As there were many wells listed in one but not both datasets, combining the two datasets provides us with a more complete picture of drilling activity in this part of Pennsylvania. The final dataset includes both vertical and horizontal wells, both of which produce similar disamenities, including risks of groundwater contamination.
15
Many of these wells are in very close proximity to one another, yet the data do not identify whether these wells are on the same well pad. Well pads are areas where multiple wells are placed close to each other, allowing the gas companies to expand greatly the area of coverage while minimizing surface disturbance. As current shale gas extraction in Pennsylvania typically involves horizontal drilling, a well pad can include many wells in close proximity while maximizing access to shale gas below the surface. Figure 3 demonstrates how six horizontal wells can be placed on a small well pad, minimizing the footprint relative to vertical drilling (which would require 24 wells evenly spaced apart, as indicated by the squares in the figure) .
Without identifying well pads, we might overstate the extent of drilling activity confronting a property. For example, a property near the well pad in Figure  2 would be identified as being treated by six wells, though presumably after the first well has been drilled, the additional impact from each additional wellbore would be less than the first. Thus, we create well pads using the distance between the wells, and treat each well pad as a single entity. In order to create well pads, we choose all wellbores that are within one acre (a 63 meter distance) of another wellbore and assign them to the same well pad.
16 In our data, of the wellbores that are within one acre of another wellbore, 50 percent are within 11 meters and 75 percent are within 20 meters. Any wellbore within one acre is considered to be on the same well pad, so if more than two wellbores are included, our constructed well pads can cover an area larger than one acre. The average number of wellbores per well pad is 3.7 (max of 12), where 25 percent of the well pads in our data have only 1 well. We begin by matching property transactions to all wells located within 20km of the property, including permitted but not drilled wells, drilled wells, and prepermitted wells (i.e., wells that are permitted and drilled after the time of the property transaction). Once these wells are matched, we create variables that measure each house's Euclidean distance to the closest well pad that is either permitted or drilled at the time of the transaction, and variables describing the well count within 2000 meters. These are our main variables of interest, as they identify our "treatment": how proximity to wells affects property values. We also calculate the inverse of the distance to the nearest well and use this variable as the treatment in the cross sectional and fixed effects specifications, allowing for an easier interpretation of the results -an increase in inverse distance implies a closer distance to a well, so a positive coefficient would imply a positive valuation of proximity. Furthermore, utilizing inverse distance places more emphasis on homes that are closer to wells; this is a reasonable functional form (relative to a linearly decreasing function), given that the marginal disutility of disamenities associated with drilling likely declines as one moves further from a well (i.e., visual aesthetic issues may not be present at 3-4 miles distance, though truck traffic may still affect those farther away).
In order to capture the water contamination risks that home owners may face from shale gas extraction, we utilize data on public water service areas in Washington County and identify properties that do not have access to public piped drinking water. We obtained the GIS boundaries of the public water supplier's service area from the Pennsylvania Department of Environmental Protection.
Properties located outside of a PWSA most likely utilize private water wells, since the county does not provide much financial assistance to individuals who wish to extend the piped water area to their location.
17 This allows us to separate the analysis by water service area into PWSA and "groundwater" areas, and we use this distinction to identify the water contamination risk that may be capitalized into the transaction value. Figure 4 shows the map of Washington County, Pennsylvania, describing the locations of the permitted and drilled (spudded) wells, property transactions, and the water service area. This map describes all wells and transactions in the sample, so some of the wells shown there were not present at the time of a nearby transaction. The large clustering of transactions in the center part of the county corresponds to the two cities in the county: Washington and Canonsburg. These cities fall along the major highway that cuts through the county (I-79, which connects with I-70 in Washington City). We hypothesize that properties within these major cities may face significant changes due to the economic boom associated with shale gas development. Thus, we exclude these cities in certain specifications in order to help isolate the disamenity value associated with proximity to a well from the property value benefits associated with the economic boom. 
Results

Cross-Sectional Results
We first report results for our cross-sectional specification, where we regress logged transaction prices on regression controls for property and census tract attributes, year dummies, and several treatment variables. These treatment variables include both inverse distance to the nearest drilled well and this variable interacted with a dummy for groundwater (which equals one if the property is located outside a PWSA). This allows us to separately identify the impact of proximity to a well for households living in groundwater areas. We expect this coefficient to be negative, as being closer to a well causes a greater risk to households living in groundwater areas. We also include inverse distance to the nearest permitted well in order to identify whether there is a different impact from permitted wells relative to drilled wells. This variable is also interacted with a groundwater dummy. We run the regression for the full sample as well as the subsample excluding the cities. We find a positive and significant impact of proximity to a drilled well, though the interaction with groundwater is negative and insignificant. Inverse distance to a permitted well interacted with groundwater is positive but insignificant. The positive sign on the coefficient may be picking up the fact that proximity to a permitted well implies a likely lease payment.
18 In fact, these lease payments increase with the amount of land leased, and lot sizes in groundwater areas are much larger than in the PWSA areas. Thus, the groundwater-dependent properties may positively capitalize on the permitting of the well before the negative amenities associated with drilling occur. However, given the insignificance of the coefficient on the interaction of groundwater with proximity, it is difficult to draw conclusions regarding the overall impact of proximity to wells for the groundwater area homes. Since inverse distance is not a linear function of proximity, we cannot interpret the magnitude of these coefficients directly. Instead, we take the derivative of the price with respect to distance (meters) in order to find the marginal effect of proximity on price. Thus, the derivative of the price function is:
where is the coefficient and distance is in meters. For a PWSA property that is 1000 meters away from a well pad, the percent change in price from a one meter increase in distance is -0.03 percent ( 100 ⇤ 326.148 ⇤ (1/1000 2 )), implying positive impacts on property values from proximity to wells (Table 3 , column 1). The comparable result for groundwater-dependent properties is inconclusive given that the coefficient on the interaction term is insignificant. These results likely reflect the fact that the cross-sectional specification does not account for unobserved attributes of either the property or its location. These attributes may be correlated with proximity to a well and with water source, which can cause a bias in the cross-sectional coefficients. This leads us to employ a property fixed effects approach in order to remove these unobservable location attributes.
Property Fixed Effect Results
The signs of the coefficients from the FE specification are similar but larger and more significant than under the OLS specification.
19 For the full sample (including cities), we find a positive impact of drilled shale gas well proximity on property values, though it is negative (and larger) for those households living in groundwater areas. This implies that shale development causes an increase in property values in general (perhaps due to lease payments, increased economic activity, or higher rental prices), though properties that do not have access to piped water have an overall negative impact due to shale gas development risks. When we exclude the cities, this effect is even more pronounced: the size of the coefficient on proximity to drilled wells decreases, suggesting that the effect of increased economic development is concentrated in the cities. The results imply that the marginal change in property values from moving one meter farther from Notes: Robust standard errors clustered at the census tract (102 census tracts). Columns (3) and (4) include property fixed effects. Columns (2) and (4) do not include the two largest cities in Washington County (Washington and Canonsburg). *** Statistically significant at the 1% level; ** 5% level; * 10% level.
a well is -0.0764 percent for PWSA properties and 0.059 percent (0.076%-0.135%) for groundwater-dependent properties (Table 3 , column 4). 20 This presents some evidence that those living outside the PWSA, while attaining increased property values from lease payments, are not able to offset the negative impacts associated with groundwater risks. According to Table 3 , the relative effect of proximity to shale gas wells on groundwater and PWSA homes is very different in the OLS and fixed effects specifications. In the fixed effects specification, homes overall are more positively affected by proximity, although the effect on groundwater homes is more negative. We test the difference between the coefficients on proximity and proximity interacted with groundwater across the two specifications, and find that the interaction term changes significantly, although the proximity term alone does not. This demonstrates that there is an unobservable correlated with proximity and groundwater that is being picked up by the fixed effect approach. Specifically, the change in coefficients suggests that shale gas wells are being located near homes in groundwater areas that are unobservably better. There is indeed evidence that these groundwater area homes are observably better and have larger lots (See Table 5 for differences across homes located close to shale gas wells). Properties with larger lots -which tend to be located in groundwater areas -would be preferred by gas exploration and production companies, as leasing the same quantity of land would require fewer transactions and potentially lower costs per well. Though we control for lot size in the OLS specification, lot size may be correlated with positive unobservable attributes in groundwater areas, which would explain the shift in the interaction coefficient. However, as evidenced by Figure  1 , there appear to be negative unobservables correlated with proximity in PWSA homes, which could drive the increase in the proximity coefficient when moving from OLS to fixed effects.
unobservables -e.g, the local economic boom and lease payments to individual homeowners. This warrants our use of a triple-difference estimator to remove these confounding effects.
Difference-in-Difference-in-Differences
Though we do not have information on gas lease payments to homeowners, 22 we assume that all properties (conditional upon proximity to a drilled well and other observables such as lot size) have an equal likelihood of receiving lease payments regardless of water service area. 23 Moreover, while both may see their prices go up because of mineral rights and increased economic activity, properties that rely on groundwater may see their values increase by less (or even decrease) given concerns of groundwater contamination from nearby shale gas development. Our overlapping treatment and control groups based on well proximity and water source provide us with a two-part quasi-experiment with which we can tease out the negative impact of groundwater contamination from the positive impact of the mineral lease payments and economic activity. We estimate the following regression equation:
where N 2000,it is a count of the number of well pads within 2000 meters at the time t of sale. It equals zero if t is before drilling takes place, or if property i is more than 2000 meters from the nearest well pad. In addition, Groundwater is an indicator for whether property i relies on groundwater; ✓ t is a year fixed effect 22 Mineral leases are filed at the county courthouse however not in an electronic format. Some leases have been scanned and are available in pdf format at www.landex.com, however, this service is geared towards viewing a handful of leases; downloading all leases in a county would be expensive and matching the leases to properties via an address or tax parcel number would likely be an imprecise endeavor.
23 It could be the case that, given groundwater safety concerns, individuals in groundwater areas are less likely to sign a mineral lease, in which case we would overestimate the negative impact of a well in a groundwater area if fewer groundwater dependent homes are receiving lease payments. Our results would thus be interpreted as an upper bound on the negative impact of proximity for groundwater dependent homes. However, gas exploration and production companies will only drill after obtaining the mineral rights to a sufficiently large area to warrant drilling, implying that holdouts are the minority in areas where wells have been drilled. Furthermore, property owners unwilling to sign based on groundwater contamination concerns are likely rare; if others nearby have granted their mineral rights, groundwater contamination is not prevented by not signing.
to capture trends over time; µ i is a property fixed effect that absorbs the timeinvariant differences between properties that eventually have one or more wells within 2000 meters and those that do not, 24 as well as time-invariant differences between groundwater and PWSA properties. The interaction Groundwater i ⇤ N 2000,it measures the treatment effect on groundwater homes relative to PWSA homes, accounting for any time-varying unobservables that similarly affect close and distant properties. Finally, in order to reduce the burden on our differencing strategy to control for time-varying unobserved neighborhood attributes, our main specification only looks at properties located within 1000 meters of either side of the border of the PWSA.
25 This represents the smallest (and most homogenous) geographic area we can use that still contains properties relying on groundwater along with properties in the PWSA. In order to validate our assumption of common time trends across the two groups (PWSA and groundwater) and within the same neighborhood (1000 meters from the border), we regress transaction values on the property characteristics and census tract attributes that are used in our cross-sectional specification, and then calculate the residuals, separately for groundwater-dependent and PWSA homes. We plot the residuals over time prior to any wells being drilled (the first well in Washington County was drilled in June 2005), once for a restricted sample of homes located within 1000 meters of either side of the PWSA border, and once for the entire sample of homes in Washington County. Figure 5 plots the time trend across the full sample of the two groups, while Figure 6 restricts the sample to homes located within 1000 meters of either side of the PWSA border. Both figures track quite well across the two samples prior to any property being treated by a well, although the restricted sample (which is our final DDD sample) tracks more closely. This demonstrates that focusing on homes that are closer together helps eliminate differing pre-trends across the control and treatment group, thereby validating our DDD approach with the restricted sample.
24 While being located inside the PWSA or groundwater area may not be invariant over time, we only have data on the most recent layout of the PWSA; thus our data on water service are time invariant and we do not include a groundwater dummy in this specification. 25 We also include a specification with the entire sample in Washington County to test how the assumption of common trends changes with a larger group. We provide additional evidence to validate our assumption that PWSA homes within 1000 meters of the PWSA border are a good control for the groundwaterdependent homes near the other side of the border, by inspecting aerial maps of the homes in this region. We find that, for nearly all of our sample, PWSA and groundwater areas are not divided in such a way as might cause neighborhood discontinuity (e.g., such as by a highway, railroad track, etc).
26 This provides further justification for use of homes on the PWSA side of the border as controls for the groundwater-dependent homes in our DDD method. We estimate our DDD specification using a number of different subsamples. In our first two regressions, we use a subsample that omits properties that were sold after they had permitted (but not yet drilled) wells within 2000 meters (columns 1 and 2 of Table 4 ). This subsample removes properties that may be receiving lease or bonus payments from a gas exploration and development company due to a permitted but not drilled well. The initial specification in column 1 looks at all properties in both the PWSA and groundwater areas (instead of only those located along the PWSA border), which allows us to test the importance of the assumption of common time trends close to the border. In the second regression (column 2) we restrict the sample to PWSA border homes. Since it is possible that the PWSA has been extended beyond the border designated in our data, we omit properties that are 300 meters on the groundwater side of a water service area in order to reduce the risk of including misclassified properties. Our third specification looks at all properties in Washington county, including the properties with permitted (but undrilled) wells, but controls for these with an indicator for having permitted wells nearby, as well as the interaction of this indicator with Groundwater (column 3).
27 . Finally, this third specification is also run using only the PWSA border home properties (column 4). Thus, only columns 2 and 4 allow for the assumption of common time trends. Yes Yes Yes Yes n 1 7 , 7 7 9 3 , 2 2 9 1 7 , 9 0 7 3 , 2 7 5
Notes: Robust standard errors clustered at the census tract (102 census tracts). All specifications include year-of-sale and property fixed effects. Columns (1) and (2) are specifications that omit properties with wells permitted (but not drilled) within 2000 meters. Columns (3) and (4) include properties with wells permitted within 2000 meters. Columns (2) and (4) only examine properties within a 1000 meter band around the water service area. *** Statistically significant at the 1% level; ** 5% level; * 10% level.
Similar to the cross-sectional and FE results, we find that property values go up after a well pad has been drilled within 2000 meters, while properties that rely on groundwater are negatively affected by exposure. We find that permitted (but not drilled) wells do not have a significant effect on property values in our final specification, though controlling for these wells reduces the impacts (both positive and negative) of the treatment on property values relative to column 2 (Table  4 , column 4). Though insignificant, the parameter estimate on the interaction term of permitted wells with the groundwater indicator is large and negative, providing some evidence that permitting may be negatively capitalized into the property value by groundwater homes. This could be due to the fact that the new home buyer is aware of the forthcoming drilling activity due to incoming lease payments or that construction has already begun to occur nearby.
The estimates in the final specification (column 4) demonstrate that properties in the PWSA positively capitalize proximity to a well pad by 10.7 percent, and this result is statistically significant. This is most likely due to lease payments, which allow properties in the PWSA to increase their values while avoiding the risks (or perceived risks) of contaminated groundwater. For properties that depend on groundwater, however, the estimate of the effect of drilling a well pad within 2000 meters implies a decrease in property values of 23.6 percent. The net impact of these two effects is made up of a statistically significant reduction in value of 23.6 percent attributable to groundwater contamination risk, partially offset by the 10.7 percent increase (likely) attributable to lease payments. Their difference (-12.9 percent) while not itself significant, 28 suggests that, in contrast to PWSA homes, prices of groundwater dependent properties certainly do not rise as a result of nearby drilling, and may fall because of groundwater contamination risk.
The final estimation also demonstrates the importance of controlling for the fact that gas exploration and development companies have strategic location decisions. In the third specification, permitted wells significantly decrease values for groundwater dependent homes, though this significance disappears when we only look at homes near the PWSA border. Since gas wells near both sides of the border are located in relatively similar areas, they are less likely to be located in strategically different ways, and hence our final specification demonstrates that not controlling for these location decisions can cause groundwater dependent homes to appear more harmed by proximity to wells than they truly are.
Conclusion
Our study seeks to understand and quantify the positive and negative impacts of shale gas development on nearby property values. Our goal is to distinguish who benefits and who loses from this unconventional form of natural gas extraction. Specifically, we focus on the potential for groundwater contamination, one of the most high-profile risks associated with drilling. We demonstrate that those risks lead to a large and significant reduction in property values. These reductions offset any gains to the owners of groundwater-dependent properties from lease payments or improved local economic conditions, and may even lead to a net drop in prices. Unfortunately, due to limitations on lease payment data, we are not able to disentangle the positive effects of nearby drilling on property values from the effects of negative externalities that are not associated with groundwater risks (e.g., increased traffic; noise, air, and light pollution) -doing so is the subject of ongoing research. With our triple-difference strategy, we are, however, able to provide evidence that concern for groundwater contamination risk significantly decreases the value of nearby homes. Thus, being able to mitigate the potential for water contamination from shale gas development (such as through the extension of the piped water service area) allows properties to benefit from the lease payments and increased economic activity that accompanies drilling without having to bear the cost of the groundwater risks. This finding also provides added impetus for regulators to increase regulations to protect groundwater around hydraulic fracturing sites and for industry to increase transparency and voluntary action to reduce water contamination concerns.
To the extent that the net effect of drilling on groundwater-dependent properties might even be negative, we could see an increase in the likelihood of foreclosure in areas experiencing rapid growth of hydraulic fracturing. The U.S. government acknowledged the possible negative consequences of allowing leasing on mortgaged land in March 2012 when it began discussing a regulation requiring an environmental review of any property with an oil and gas lease before issuing a mortgage.
29 However, this proposed regulation was rejected within a week. 30 The overall lack of research regarding the impacts on property values from proximity to shale gas wells hinders the ability of the government to regulate optimally, both at the national and local levels. This paper helps to fill that void. 
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